Abstract-The Energy Harvesting-aware Distributed Queuing access protocol (EH-DQ) is presented in this paper as a novel Medium Access Control protocol for wireless Machineto-Machine networks with energy harvesting capabilities. EH-DQ is theoretically modeled to analyze its performance. A performance comparison with a Time Division Multiple Access (TDMA) and an EH-aware Reservation Dynamic Frame Slotted-ALOHA (EH-RDFSA) shows its superior performance. While TDMA requires updated network information to maintain a collision-free schedule and EH-RDFSA requires to estimate the number of contenders per frame to dynamically adjust the frame length, EH-DQ uses short and fixed frame lengths and does not require knowledge of the network topology or the number of end-devices in advance.
I. INTRODUCTION
Two of the key challenges of Machine-to-Machine (M2M) networks are to provide connectivity to an enormous number of end-devices and to ensure autonomous operation for years. It has been shown in the literature that the first challenge can be achieved via the DQ Medium Access Control (MAC) protocol studied in [1] - [3] . Previous results show that DQ ensures collision-free data transmissions and offers a near optimum performance independent of the traffic load. The open question is how efficient is DQ in ensuring long network lifetime. There are two complementary strategies to prolong the network lifetime, namely: i) reduce the energy consumption devoted to communications, and ii) use energy harvesters that collect energy from the environment [4] , [5] . Even though energy harvesting may ideally provide infinite lifetime, it may not guarantee fully continuous operation due to the high variability and unpredictability of energy sources. This fact needs to be considered by the MAC layer. Motivated by this, in this paper we propose a novel MAC protocol based on DQ for M2M networks with energy harvesting capabilities.
The majority of the work related to the MAC layer with energy harvesting focuses on slotted-ALOHA [6] , CSMA [7] , Dynamic Frame Slotted-ALOHA (DFSA) [8] and Reservation DFSA (RDFSA) [9] . However, the design of DQ access protocols for networks with energy-harvesting has never received This work has been partially funded by the Project CellFive (TEC2014-60130-P) and by the Generalitat de Catalunya under Grant 2014 SGR 1551.
attention. This paper aims to fill this gap with the following contributions:
1) The design of an extension of DQ to become Energy Harvesting-aware, named EH-DQ.
2) A theoretical modeling and analysis of EH-DQ based on Markovian analysis to compute the performance of the network using EH-DQ.
3) A performance evaluation of EH-DQ and comparison with a scheduled-based TDMA protocol, and with the EHaware RDFSA protocol, which was proposed in [9] as a random access protocol with reservation for managing the access of end-devices with energy harvesters that transmit data bursts while taking into account the energy availability.
The remainder of this paper is organized as follows. Section II describes the network and data model. Section III and Section IV describe the operation of the EH-DQ protocol and the energy model, respectively. The analysis of the performance metrics is presented in Section V. Section VI discusses the accuracy of the analysis and the performance of the protocol. Finally, Section VII concludes the paper.
II. NETWORK AND DATA MODEL
We consider a wireless network in star topology formed by one coordinator and n end-devices in the communication range of the coordinator. Each end-device is equipped with an energy harvester and an energy storage device (ESD). As depicted in Figure 1 , the coordinator gathers data from the enddevices by initiating periodic Data Collection Rounds (DCR). Each DCR starts when the coordinator broadcasts a Request for Data (RFD) packet, once every T R seconds. In the kth DCR, each end-device has a number l(k) of data packets ready to be transmitted. The data process l(k) can be modeled as a discrete random variable with probability mass function p j = Pr {l(k) = j} with j ∈ {1, 2, ...}. The value of l(k) is considered to be identically and independently distributed (i.i.d.) over all end-devices and DCRs. We assume that the data packets have a common and constant length.
At the beginning of the k-th DCR, an end-device enters into active mode to transmit data if the energy available in its ESD is above a predefined energy threshold. Otherwise, the end-device remains in sleep mode waiting for the next DCR.
The k-th DCR is formed by a sequence of F k frames where each end-device in active mode transmits data to the Figure 1: Illustration of the data collection process.
coordinator according to the rules of the MAC protocol. An active end-device attempts to transmit its l(k) data packets, one-by-one sequentially in time, as long as it has enough energy in its ESD. During the k-th DCR, an end-device enters into sleep mode when it either succeeds in transmitting the last of the l(k) data packets or falls in energy shortage. The k-th DCR finishes when all the active end-devices have entered into sleep mode. We assume that the duration T C (k) of the k-th DCR is shorter than the time T R between DCRs.
To focus on the MAC layer, we assume that all packets are transmitted without errors induced by the channel. We assume that there is no capture effect, i.e., none of the data packets involved in a collision can be decoded by the coordinator.
III. EH-AWARE DISTRIBUTED QUEUING
In EH-DQ, active end-devices request access to the channel in a short contention window at the beginning of each frame, thus confining collisions to a specific part of the frame. Collisions are resolved with a tree-splitting algorithm [10] . When an end-device succeeds in transmitting its access request, it waits for its turn to transmit data in collision-free slots.
Each frame of EH-DQ is divided in three parts: (i) m contention slots devoted to the transmission of access request (ARS) packets, (ii) one collision-free slot for the transmission of a data packet, and (iii) a feedback packet (FBP).
Every active end-device randomly selects one of the contention slots in every frame to transmit an ARS. Each ARS only contains one field (e.g., 1 byte) that indicates the number of data packets that must be transmitted by an end-device, i.e., the number l R of collision-free slots to be reserved, which depends on the energy available in the end-device. Note that the ARS does not need to identify the end-device. Depending on whether the ARS collides or is successfully decoded by the coordinator, an end-device is queued into one of two logical and distributed queues:
1) End-devices that have collided in a given contention slot when transmitting their ARS are queued into the Collision Resolution Queue (CRQ), sharing the same position in the queue. Note that after every frame, at most m new entries enter into the CRQ, being each one associated to each of the collisions that occurred in the last contention window. The length of the CRQ and the position of the end-devices in the CRQ is updated by executing the tree-splitting algorithm represented in Figure 2 .a. Each node of the tree represents a frame of m contention slots (m=3 in the example), and the number in each contention slot denotes the number of enddevices that transmit an ARS in that slot. In every level of the tree, an end-device transmits its ARS in only one frame until it succeeds in one level or enters in energy shortage. The algorithm works as follows. At frame 1, all the active enddevices contend. If two or more end-devices collide in a slot, a new frame is assigned only to the end-devices that caused the collision in order to reattempt access, and they are queued into the CRQ. Therefore, if there are k slots with collision in one frame of level d, then k new frames are scheduled in level d + 1, and k sub-groups of end-devices are queued into the CRQ. Once an end-device has entered in the CRQ, it will retransmit its ARS in a given frame only if it has enough energy in its ESD and it occupies the first position in the CRQ; otherwise, the end-device enters in sleep mode and waits until it reaches the first position of the CRQ.
2) The end-devices that succeed in transmitting their ARS are queued into the Data Transmission Queue (DTQ). In principle, any queue discipline could be used to this end. For example, devices could enter into the DTQ following the same chronological order of the contention slots. Contrarily to the CRQ, in this case, every position of the DTQ is occupied by just one end-device. Indeed, an end-device occupies a number of positions in the DTQ that is equal to the number l R of collision-free data slots reserved by the end-device for this particular DCR. When an end-device reaches the first position of the DTQ, it transmits its data packets in the collision-free slot of successive frames.
The CRQ and DTQ are represented at each end-device by 2 integer numbers per queue representing: 1) the position of the end-device in the queue, and 2) the total length of the queue. The length of the CRQ represents the number of subgroups of end-devices waiting to retransmit an ARS. The length of the DTQ represents the total number of collisionfree slots reserved by the end-devices that have succeeded in transmitting their ARS and wait for their first collision-free slot. Figure 2 .a shows an example of the contents of the slots and the lengths of the CRQ and DTQ in every frame, and the contents of both queues are shown in Figure 2 .b.
The coordinator updates the length of the CRQ and DTQ at the end of each frame according to the following rules: 1) the length of the CRQ is incremented by the number of contention slots with collision; 2) if the CRQ was not empty in the previous frame, then its length is decremented by one; 3) the length of the DTQ is incremented by the total number of collision-free slots reserved in each frame; and 4) if the DTQ was not empty in the previous frame, then its length is decremented by one.
The coordinator broadcasts in every FBP: (i) the length of the CRQ (2 bytes); (ii) the length of the DTQ (2 bytes); and (iii) the state of the m contention slots (empty, success, or collision) and the number of collision-free slots reserved in every slot with one successful ARS (1 byte per contention slot). Using the information of the FBP, an end-device that transmitted an ARS can compute its position in the CRQ if it collides, or its position in the DTQ if it succeeds. The positions in the CRQ and DTQ are always decremented by one at the end of each frame. Therefore, the end-devices only receive the FBP in those frames where they transmit either an ARS or a data packet, and they enter into sleep mode in those frames where they do not transmit either ARS or data.
IV. ENERGY MODEL

A. Energy Storage and Energy Consumption Model
The amount of energy stored in the ESD of an end-device can be modeled as a random variable which depends on the harvested energy and the energy consumed throughout the DCRs. The energy stored in the ESD of the i-th enddevice is denoted by E ESD,i ∈ {0, 1δ, 2δ, ..., N δ}, where δ [Joule] is referred to as energy unit, and N is the normalized capacity of the ESD. The end-device enters into active mode if the energy in its ESD at the beginning of the kth DCR, denoted by E ESD,i (k), is above a certain energy threshold E thr = ε thr δ, with ε thr ∈ {0, 1, 2, ..., N − 1}. The probability that an end-device can take part in the k-th DCR is called activation probability, and can be expressed as
Every time that an end-device transmits an ARS in a certain frame of a DCR, it consumes a constant amount of energy, denoted by E ARS , which accounts for the energy used in the following communication phases: (i) the end-device transmits the ARS in 1 contention slot, (ii) it remains in sleep mode in the other m − 1 contention slots and in the collisionfree slot, and (iii) it receives the FBP. Every time that an end-device transmits one data packet in a certain frame of a DCR, it consumes a constant amount of energy, denoted by E data , which accounts for the energy used in the following communication phases: (i) the end-device remains in sleep mode in m contention slots, (ii) it transmits data in the collision-free slot, and (iii) it receives the FBP. We assume that the energy consumed by an end-device in those frames where it is in sleep mode is negligible. For convenience, we normalize the energy consumption to E ARS = 1δ and E data ≈ Kδ, where K is a positive integer.
B. Energy Harvesting Model
The energy harvester of the i-th end-device captures an amount of energy E H,i (k) within the time interval T R between the (k − 1)-th and k-th DCRs. The harvested energy E H,i (k) can be modeled as a discrete random variable with a probability mass function q j = Pr {E H,i (k) = jδ} with j ∈ {0, 1, 2, ...} energy units, which depends on the characteristics of the energy source. E H,i (k) is considered to be i.i.d. with regard to other end-devices and DCRs. The energy harvesting rate E H is defined as the average energy harvested by an end-device during the time T R between two consecutive DCRs, and can be expressed as
We assume that the dynamics of the energy harvesting process are much slower than the DCRs. Consequently, the energy harvested within the time T C (k) is negligible with respect to E H,i (k), and all the harvested energy E H,i (k) is ready to be used at the beginning of the next DCR.
V. ANALYSIS
A. Performance Metrics
The data delivery ratio (DDR) is defined as the ratio between the number of data packets that are successfully transmitted to the coordinator in the k-th DCR, and the number of data packets ready to be transmitted at the beginning of the DCR.
The time efficiency is defined as the ratio between the duration of the number of data packets successfully transmitted to the coordinator in the k-th DCR, and the time T C (k) required to complete the DCR.
In order to derive an analytical model to compute the DDR and the time efficiency, we need to obtain the steady-state probability distribution of the energy available in the ESDs. If the energy threshold to become active is properly adjusted to a high enough value, we can assume that the number of end-devices that fall in energy shortage is negligible during a DCR. Thus, the probability that an end-device succeeds in transmitting an ARS basically depends on the number of active end-devices at the beginning of the DCR, the number of contention slots and the level number. Consequently, we can evaluate the steady-state probability distribution of the energy available by analyzing the evolution of the energy of a single ESD, which is an approximation that neglects the interaction among the ESDs of different end-devices.
B. Markov Chain Model
The evolution of the energy available in an ESD can be modeled with the Markov chain shown in Figure 3 .
Each state of the chain is defined by {e(t), d(t)}, where e(t) ∈ {0, 1, ..., N } is a stochastic process that represents the number of energy units δ available in the ESD at time t; and d(t) ∈ {0, 1, ..., N − K} is a stochastic process that represents that either an end-device is in sleep mode when d(t) = 0, or the level number in the contention tree where an end-device transmits an ARS when d(t) ∈ {1, ..., N − K}. Recall that in every level of the tree, an end-device transmits an ARS in only one frame. Note that the state transitions in the Markov chain do not occur at fixed time intervals. The Markov chain is characterized by a transition matrix P = [p ij ], where each element p ij is the one-step transition probability defined as
An end-device that has successfully transmitted all its data packets or entered in energy shortage in a DCR, remains in sleep mode (i.e., in a state with e i ∈ {0, 1, ..., N } and d i = 0) until the next DCR starts. At the beginning of a DCR, the number ε H of energy units harvested in the last T R interval is added to the energy in the ESD, i.e., e j = e i + ε H . Then, if the number of energy units available in the ESD is above the threshold ε th , the state of the end-device changes from sleep (e i , 0) to active mode (e j , 1) with e j ∈ {ε th + 1, ..., N }. Otherwise, if the number e j of energy units in the ESD is below or equal to ε th , the end-device makes a transition from state (e i , 0) to state (e j , 0) and remains in sleep mode. The transition probability from state (e i , 0) to any state (e j , d j ) at the beginning of a DCR can be expressed as
where q εH is the probability that an end-device harvests a number ε H of energy units, being ε H = e j − e i with e i ≤ e j .
Once an end-device becomes active at the beginning of a DCR, it will transmit an ARS packet in one frame of every successive level of the contention tree until either it succeeds or its ESD falls below (1 + K) energy units. Recall that an end-device consumes 1 energy unit when transmits an ARS, and K energy units when transmits a data packet.
If the end-device does not succeed in transmitting an ARS in one frame of level d i ∈ {1, ..., N − K}, it can make two possible transitions: (i) to state (e i − 1, d i + 1), if the end-device has enough energy to retransmit an ARS in the next level and to transmit one or more data packets, i.e., e i ∈ {2 + K, ..., N }; or (ii) to state (K, 0), if the end-device has not enough energy to retransmit an ARS and a data packet, i.e., e i = 1 + K.
Once an end-device succeeds in transmitting an ARS in one frame of level d i , which happens with probability p s,d with d = d i , the end-device will transmit a number l ∈ {1, 2, ..., l max } of data packets in the collision-free slot of subsequent frames. The maximum value l max is limited by the energy available in the ESD, i.e., l max = 
., L},
where p l is the probability that an end-device has a number l ∈ {1, 2, ..., L} of data packets ready to transmit at the beginning of a DCR. Consequently, the transition probability from state (e i , d i ) to state (e j , d j ) with d i ∈ {1, 2, ..., N − K} can be formulated as in Equation (3).
C. Probability of Success in one Frame
The probability that an end-device succeeds in transmitting an ARS packet in one frame of level d ∈ {1, 2, ..., N − K}, denoted by p s,d , can be expressed as
where n d is the number of end-devices which contend in one frame of level d, and m is the number of contention slots per frame.
In the first frame of a steady-state DCR, i.e., in level d = 1, the number n 1 of end-devices that contend is equal to the average number of end-devices that become active, which can be expressed as n 1 = n·p SS active , where n is the total number of end-devices and p SS active is the activation probability in steadystate, i.e., for large index k of DCR, defined as p
We can assume that all the end-devices that become active in a steady-state DCR will have enough energy to contend until they succeed in transmitting an ARS. Note that this can be guaranteed by properly adjusting the value of ε th . Under this assumption, the value of n d for d > 1 can be derived as follows. First, the probability p s (k) that k of n d end-devices transmit in the same slot of a frame can be calculated as
and the average number of empty, success, and collision slots in that frame can be calculated as 
The average number of frames where an end-device has to contend until it succeeds in transmitting an ARS in a DCR, denoted by E [d], can be expressed as
which is needed to adjust the energy threshold as ε th ≥ E [d] to reduce the probability that an end-device enters in energy shortage before it succeeds in transmitting an ARS. For example, for a network of 1000 end-devices, the value of E [d] is close to 5, 4, or 3 energy units when m is 5, 10, or 20 slots, respectively.
D. Steady-State Probability Distributions
The Markov chain admits a steady-state probability distribution, denoted by π = [π e,d ], which can be expressed as
and satisfies that
where P is the transition matrix and I is the identity matrix.
Recall that the transition matrix P depends on p s,d (4) , which also depends on p 
Note that all the values of π B are zero for d ∈ {2, ..., N }. This is due to the fact that at the beginning of a DCR an end-device can only reach either states (e, 0) with e ∈ {0, 1, ..., ε th } or (e, 1) with e ∈ {ε th + 1, ..., N }. Since an end-device is in sleep mode before a DCR starts, π B can be expressed as
where
is the steady-state probability distribution conditioned on being in sleep mode, which is calculated as
Finally, we compute the steady-state probability distributions as follows. Firstly, we build the transition matrix P by setting the steady-state activation probability to a test value of 0, i.e., p SS active−test = 0. Secondly, we solve equations (9), (12), and (11) to calculate π, π S , and π B , respectively. Thirdly, we compute the analytical value of p SS active (10) by using π B . And finally, we check the relative error between the test and analytical values of the activation probability. These steps are repeated iteratively by increasing p SS active−test until the error is below 0.1%, which indicates that it satisfies (9), (12) and (11), and the results obtained for π, π S , and π B are correct.
E. Data Delivery Ratio
Once the steady-state probability distribution π B of the energy available in the ESD at the beginning of a DCR is computed, we can formulate the expression to calculate the data delivery ratio in steady-state for EH-DQ as follows
where E [N S ] is the average number of data packets that are successfully transmitted to the coordinator in a DCR,
is the average number of packets ready to be transmitted at the beginning of the DCR, and E [N d (l) ] is the average number of packets successfully transmitted by an end-device when it has l ∈ {1, 2, ..., L} packets ready at the beginning of the DCR, which can be expressed as
where l R = min l,
is the number of packets that can be transmitted by the end-device when it succeeds in transmitting an ARS in level d, being l the number of packets ready and e the energy available at the beginning of the DCR.
F. Time Efficiency
The time efficiency, denoted by η t , can be formulated as
where T ARS , T data and T F BP are the duration of a contention slot, a collision-free slot, and the time of transmission of a FBP, respectively, and E [N E ] is the average number of frames with the collision-free slot empty, i.e., frames which do not contain data. Since every active end-device transmits a number l R ≥ 1 of data packets, we can assume that once an enddevice has first succeeded in transmitting an ARS in a given frame, every frame until the end of the DCR contains data. Therefore, E [N E ] can be approximated as the average number of frames where an end-device contends until it succeeds, i.e.,
, the expression of η t can be approximated as
In the next section, we validate the analytical model proposed to calculate the DDR and the time efficiency for EH-DQ.
VI. PERFORMANCE EVALUATION
A. Scenario
We consider a wireless network formed by 1 coordinator and n = 1000 end-devices. Each end-device has a number of L = 5 data packets ready to be transmitted to the coordinator in every DCR. All the packets include physical layer preamble, MAC header, payload and a cyclic redundancy code (CRC) of 2 bytes. The system parameters used to evaluate the performance are summarized in Table I , where ρ tx , ρ rx and ρ sleep are the power consumption in transmission, reception and sleep mode, respectively. The parameters have been calculated according to the IEEE 802.15.4 standard and the specifications of the CC2520 radio transceiver.
Being δ = 143 μJoule (energy unit), an end-device consumes 1 energy unit to transmit an ARS packet and K = 4 energy units to transmit one data packet. Each end-device includes an ESD with N = 40 energy units δ of capacity. We assume that the energy harvested by an end-device in a DCR follows a binomial distribution with probability mass function The performance of EH-DQ has been compared with that of TDMA and EH-RDFSA [9] . In TDMA, each frame is composed of a fixed number of slots that is equal to the number of end-devices in the network. An end-device that becomes active in a DCR will transmit data packets in a reserved slot of successive frames as long as it has enough energy. In EH-RDFSA, each frame is composed of a variable number of reserved slots and contention slots. The number of reserved slots in the first frame is always 0. An end-device that becomes active in a DCR randomly selects one of the contention slots to transmit the first of its data packets. When it succeeds in transmitting the first packet in a given frame, one slot is reserved to the end-device for subsequent frames and it is released either once the end-device has transmitted all its data packets or enters in energy shortage. In EH-RDFSA, the number of contention slots is adjusted to be equal to the number of end-devices that contend in every frame to transmit their first data packet. In TDMA and EH-RDFSA, an enddevice consumes K = 4 energy units δ when transmits a data packet in one frame. Results for TDMA and EH-RDFSA have been obtained through computer-based simulations using MATLAB. Results for EH-DQ have been obtained analytically and through computer-based simulations. The results of 1000 simulation samples have been averaged for each test case.
B. Results
The DDR and the time efficiency of EH-DQ are represented in Figure 4 and Figure 5 , respectively, as a function of the number m of contention slots by considering E H ∈ {5, 10, 20, 30} and ε thr = 20. Recall that L = 5 in every DCR and an end-device consumes K = 4 energy units when it transmits a data packet in one frame.
Results show that the DDR for EH-DQ increases when the number of contention slots per frame increases. Indeed, the higher the number of contention slots, the lower the probability that an ARS collides in a given frame, and the lower the energy wasted in retransmissions, thus increasing the DDR.
The DDR for EH-DQ, EH-RDFSA and EH-DFSA increases with the energy harvesting rate. Indeed, the higher the number of energy units available in the ESDs, the higher the number of end-devices that become active in a DCR and the higher the number of possible packet retransmissions.
As it can be observed in Figure 4 , EH-DQ can outperform EH-RDFSA in terms of DDR, for any energy harvesting rate, if the number of slots per frame in EH-DQ is properly adjusted. For example, if n = 1000 and E H ∈ {5, 10, 20, 30}, then the value of m in EH-DQ must be equal or greater than 3 slots.
As it can be observed in Figure 5 , the time efficiency for EH-DQ is maximized for 2-3 contention slots, η t ≈ 0.80, and it is degraded as the number of contention slots per frame increases. Indeed, the higher the number of contention slots, the higher the time wasted in every frame once all the end-devices have succeeded in transmitting their ARS, thus reducing the time efficiency. In addition, EH-DQ can outperform EH-RDFSA and TDMA in terms of time efficiency if the number of contention slots is low, and the time efficiency for EH-DQ is very similar for different energy harvesting rates.
There is a trade-off between DDR and time efficiency for EH-DQ. When the number of contention slots per frame increases, more end-devices can eventually succeed in transmitting ARS packets to the coordinator in a DCR, thus increasing the DDR, at the cost of reducing the time efficiency and the data collection rate. However, as it can be observed in Figure 4 , with low (e.g., 5) and high (e.g., 30) energy harvesting rates, EH-DQ can be configured with a very low number of contention slots (e.g., m = 3), at almost no cost in the DDR, and increase the time efficiency to a certain value close to the maximum. However, with intermediate energy harvesting rates (e.g., between 10 and 20 energy units), EH-DQ may be configured with a number of contention slots per frame which depends on the harvesting rate.
VII. CONCLUSIONS
The energy harvesting-aware Distributed Queuing Access (EH-DQ) protocol has been presented and modeled in this paper. A Markov chain model has been used to analyze the energy availability and to compute the performance metrics. Results show that EH-DQ can outperform TDMA and EH-RDFSA in terms of data delivery ratio (DDR) and time efficiency. There is a trade-off between DDR and time efficiency. The time efficiency of EH-DQ is maximized for 3 contention slots per frame. However, if the number of slots is high, the time efficiency decays and the DDR increases. Furthermore, while EH-RDFSA requires to estimate the number of contenders per frame to adapt the frame length, EH-DQ uses a short and fixed frame length, which enables scalability and facilitates synchronization. Future work aims at including transmission errors and capture effect in the analysis.
